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SUMMARY OF AEROLOGICAL OBSERVATIONS OBTAINED BY MEANS OF KITES, 
AIRPLANES, AND SOUNDING BALLOONS IN THE UNITED STATES 






By Cuarizes M. LENNAHAN 
[Weather Bureau, Washington, D. C.] 


INTRODUCTION 


This publication is largely a compilation of data based 
on all of the free-air temperature, pressure, and humidity 
observations made in the United States which were availa- 
ble to the Weather Bureau and which could be included 
under the adopted plan of presentation. The primary 
reason which led to this compilation was the urgent request 
on the part of the aeronautical industry and others for 
data representative of average and extreme meteorological 
conditions in the upper a and substratosphere. 
The plan of presentation of the data was, therefore, dic- 
tated to a large extent by the desire to fulfill the imme- 
diate needs of the aviation industry in planning for high- 

















FicURE 1.—Geographical locations of the 55 stations where the observations were 
made. Numbers correspond to those given in table 1. 


altitude flying and at the same time to fulfill the needs of 
meteorologists, so far as practicable, with the limited 
material at hand. 

The stations where the observations used in this sum- 
mary were made are given in table 1. Their geographical 
location is shown in figure 1. The types of observations 
made at the different stations are also indicated in the 
table, together with the dates of the periods during which 
the soundings were made. ‘The airplane flights were made 
practically every day at the same time, but the kite flights 
were often delayed until late in the day, and frequently 
it was impossible to get a sounding because of light wind 
or unfavorable weather. The sounding-balloon observa- 
tions were made at periods designated in advance, except 
in those instances when a particular type of meteorological 
situation was being investigated. In the latter case the 
observers had to bide their time and wait for the desired 
condition. 

The data published herein include four primary ele- 
ments—temperature, pressure, humidity, and density. 
Two secondary elements are also included—extreme tem- 
perature and minimum pressure. 





(1) 


The observations were made at 55 different places, dis- 
tributed over the entire country, but 43 of them are east 
of 100° W. longitude. Sounding-balloon observations 
were made at 29 different stations and numbered in all 
somewhat over 550. The kite and airplane observations 
are very numerous, the former having been made at 9 


TaBLE 1.—<Stations at which aerological observations were made 
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stations and the latter at 30 others. However, Leesburg, 
Ga., and Blue Hill Observatory, Milton, Mass., have made 
but a comparatively small number of kite flights, and 
some stations have a record of airplane observations ex- 
tending over only 1 year. The kite and airplane stations 
are mutually exclusive, but the sounding-balloon stations 








include some stations of the kite and airplane groups. 
Sounding balloons were sent up at four of the kite stations 


and at eight of the airplane group. , & few limited- 
height sounding-balloon ascensions were made at the kite 
stations in — of the regular kite flights. 

At several stations where there were but few data these 
were combined with the more numerous data of a nearby 
station. Thus the data obtained at Fort Worth, Mont- 
gomery, Nashville, and St. Louis were combined with the 
data for Dallas, Maxwell Field, Murfreesboro, and Scott 
Field, respectively. It is to be noted that Drexel and 
Omaha are published separately. This was done because 
of the relatively long period of observation at each station 
and the different periods of observation. 

Thirteen stations have records with observations during 
at least one season, extending over a period of 5 years. 
Seven of these are kite stations and six of them are airplane 
stations. Of the other 26 airplane and kite stations 20 
have only 2 years or less of record. A few in the airplane 
group have a record of less than 1 year. The 16 stations 
having only sounding-balloon records have observations 
ranging in number from 1 to 16. Most of the latter are of 
interest as individual observations rather than as aggrega- 
tions yielding representative means. 

The temperature data are presented in the form of 
seasonal mean curves, in seasonal longitudinal cross- 
sections, in tabular form, and for the region up to 5 km on 
standard level maps. 

The pressure and humidity data are shown by means of 
seasonal mean curves, in tabular form, and for the first 5 
kilometers in the form of standard level maps. 

The density values are presented in the form of curves 
and tables for only the seven stations in the central part 
of the country. Density is not further considered. 

The temperature extremes are shown for the seven 
central stations on the same graph with the seasonal 
mean-temperature curves. For the other stations they 
are shown in tabular formonly. In the tables the extremes 
are listed among the temperature data for the winter 
season, with six exceptions; five of these are with the 
summer data and one is with the autumn data. 

The minimum pressures are shown by means of two 
curves, each with different assumed surface conditions 
and an assumed lapse-rate. 

The observations were not made at corresponding 
periods at all stations. Some of the soundings were made 
in the early days of aerology: Blue Hill in 1903-6, Mount 
Weather 1907-12, and others during various periods 
throughout the subsequent 25 years. Practically all of 
the available observations were used but in those cases 
where two or more soundings were made on the same 
calendar day only one observation was used. For this 
reason only about 75 percent of the Polar-Year observa- 
tions, August 1932-August 1933, were used. The fact 
that the times and places of the observations are at such 
variance tends to vitiate the results of any attempt to 
combine them into a homogeneous whole. For seven 
stations in the central part of the United States during all 
four seasons the number of observations is sufficient to 
give fair mean values up to 15 km. With regard to the 
other stations having sounding-balloon records, the obser- 
vations are too few to give a mean value that can be 
considered truly representative. The means, for those 
stations having kite data, are considered reliable up to 4 


km; and those for the airplane stations, on the whole, are 
considered to be reliable up to 5 km, but, because some of 
the periods of record are for only 1 year, the mean value 
may be affected by the abnormality of the year. 








It is desired to call attention to the fact that the data 
in the previous summary,' published in 1922, are in ve 
good agreement with those presented here. The previ- 
ously published curves of the various elements plotted 
against height follow closely those in the present publica- 
tion. The maps for the standard levels, upon which were 
plotted the seasonal mean values of pressure, temperature, 
and relative humidity for winter and summer, although 
they were necessarily greatly smoothed, are in remarkable 
agreement with the corresponding isograms shown in this 
summary, which are only slightly smoothed. 

This summary has been compiled in an attempt to give, 
with the available material, some idea as to how the sev- 
eral meteorological elements vary with height and with 
the season of the year. 


DATA 


The material consists of data obtained by means of 
sounding-balloon, kite, and airplane observations. These 
observations were made as stated in the introduction, 
page 2. The balloon soundings were usually made as a 
part of a predetermined program. Some of these were 
made on days or during months designated by the Inter- 
national Aerological Commission; others were part of pro- 
posed investigations initiated by the United States 
Weather Bureau. In this latter class are the series of 
observations made at 12 stations in 1927-28, at 10 sta- 
tions in 1929-30, and at other places in earlier years. In 
the former class are those made at Broken Arrow, Groes- 
beck, Royal Center, Omaha, Dallas, Ellendale, and Pem- 
bina. The observations in a series were usually made 
once a day. In the Polar Year 1932-33, however, obser- 
vations were made in groups of three ascensions with two 
groups each month, each of the three ascensions being 
6 hours apart. That is, three observations were made in 
approximately 12 hours; however, not all three observa- 
tions were used in this summary. In determining how 
many and which observations to use, the rule followed 
was: If the choice was between the 8 a. m. and the noon 
observations, or between the noon and the midnight 
observations, the higher one was chosen, but if all three 
observations were available, the 8 a. m. and the midnight 
ascensions were both used, because the midnight ascent 
was always made in the calendar day following that of the 
8 a. m. sounding. 

The temperature records are available for all of the 
observations, hence the number of temperature values 
used to obtain the means is in several cases greater than 
the number of values used for the means of the other ele- 
ments. However, in the data for Maxwell Field there are 
fewer observations of temperature than of pressure and 
humidity for July 1935. 

The temperature values in the Polar Year observations 
have been corrected on the basis of an insolation effect 
determined in a study by Ballard.’ 

The pressure data consist of a somewhat smaller number 
of observations than do those of temperature. This is due 
partly to the fact that a monthly summary of pressure 
data was made for the kite stations for the first 2 years of 
operation only and partly to the fact that pressures were 
not included in the published data of observations made 
at Blue Hill, nor for those made at St. Louis (1904-7) 
under the direction of the Blue Hill Observatory. 

In like manner, the humidity data are less numerous 

1 W.R. Gregg, An Aerological Survey of the United States, PartI. Results of Observa- 
tions by Means of Kites, MONTHLY WEATHER REVIEW Supplement 20, 1922. 
2 Some Results of Sounding-Balloon Observations During the Second International 


Polar Year August 1932 to August 1933, inclusive. J. C. Ballard, MontTaLy WEATHER 
REviEwW, February 1934, 62: 45-53. 








than those of temperature. This condition is due to the 
fact that the humidity element of the meteorograph was 
sometimes faulty and also to the fact that some of the 
early observations were made with meteorographs having 
no humidity element. 

The density data were computed for only seven sta- 
tions, and not for all seasons at these seven. Only those 
seasons were used for which stratosphere soundings were 
availabie for the station. Densities were computed ac- 
cording to the formula given in the ‘‘SSmithsonian Meteoro- 
logical Tables.’”’* One constant was altered somewhat 
from the value given in the tables: The value of the com- 

lement of the density of water vapor used was 0.377 
instead of 0.378, as given in the tables ‘; the average value 
of the density of water vapor as determined experimen- 
tally is 0.623 rather than 0.622. The density values were 
computed chiefly for the convenience of aeronautical engi- 
neers and others interested in aviation. 

The extreme temperatures are the lowest and highest 
temperatures at the standard levels above each station. 
These values are published for levels up to 12 km in some 
cases, although for most of the stations they are given for 
no levels higher than 5 km. These are not values which 
have been observed at the significant levels, but are the 
interpolated values at the standard levels; that is, they 
are the values taken from the temperature-height curve. 

The minimum pressures were obtained by arbitrarily 
assuming surface and upper-air conditions of a sufficiently 
extreme nature to give pressures for the standard levels of 
a lower value than could be reasonably expected to actu- 
ally occur. 

PROCEDURE 


The mean temperatures were determined by the method 
of differences, that is, by totaling the sums of the differ- 
ences of temperature between corresponding pairs of suc- 
cessive standard levels and dividing this total by the cor- 
responding number of observations for the season. The 
quotient was taken to be the mean difference of tempera- 
ture between the two levels. The mean surface tempera- 
ture was obtained by dividing the sum of the surface tem- 
peratures by the total number of observations. To this 
seasonal mean surface temperature was added algebrai- 
cally the mean difference of the next higher level to obtain 
the mean temperature of that level, and so on successively 
for each level. The computations were carried out to 
tenths of a degree, centigrade. 

The method of differences was used because it is thought 
to be somewhat more reliable than simple arithmetic aver- 
aging when the number of observations decreases with 
altitude.’ This undoubtedly holds true for the tropo- 
sphere, but in the region of variation of the tropopause a 
question of applicability arises. However, since but few 
of the soundings failed to extend to the 15-km level, and 
since the difference method is known to hold above that 
level, the method, for the purpose of this summary, is 
applicable throughout the atmosphere. 

n a few Polar-Year soundings where both the 8 a. m. 
and the midnight observations were used and where the 
noon flight was higher than either or both of them, if the 
lower ascension reached 10 km, the lapse-rate for noon was 
used to supply values for the missing levels. This arbi- 
trary procedure was followed in only three instances: 


Dallas on August 25 and Omaha on August 25 and Novem- 
ber 10, 1932. 


7 ae any Dagpeasstagient Tables, 5th Revised Edition, 1931, p. Ixxx. 
. cit., p. Ixvil. 
‘A. Wagner, “Kritische Bemerkungen zur Differenzenmethode”, Beitrige zur Physik 
der Freien Atmosphire X XI Band, Heft 3, 1934, pp. 269-282. 








The pressure and humidity seasonal mean values were 
determined in the same manner as were the temperature 
values. These two elements were computed to whole 
millibars and to integral values of percentage, respectively. 
For the surface and for the first level above the surface, 
however, the mean pressure is given to tenths of a millibar. 

It should be noted that the seasonal mean values of 
temperature and humidity for Blue Hill are the arithmetic 
means of the published monthly mean values. The same 
is true in the case of Mount Weather for pressure and 
humidity. 

The ae values were determined by inserting the 
mean values of temperature, pressure, and relative 
humidity for the various levels in the formula referred to 
on page 3. The actual computation of the values was 


carried out by using the equivalent formula: 
0.3477 
’=979.541 (B—0.377e), 


where p is the density in kg/m’, ¢ is the seasonal mean 
temperature for the level in °C, B is the seasonal mean 
barometric pressure in mb, and e is the vapor pressure 
determined from the seasonal mean values of humidity 
and temperature. The densities were evaluated to the 
third decimal place in kg/m* and then converted into 
lbs/ft® to four places. 

The extreme temperatures were determined by ——s 
the highest temperature, at the standard levels, of a 
individual soundings. In some cases the number of 
observations is considered too small to yield representative 
extremes. Therefore, 16 stations were eliminated from 
the class for which extremes are published. None of the 
39 stations has less than 10 observations. Ten observa- 
tions are too few to indicate either the full range of tem- 
perature or the month in which to expect an extreme 
temperature. The extremes are published accordingly 
with these qualifications in mind. 

The extreme pressures were obtained by arbitrary 
methods. The lowest sea-level pressure observed in the 
United States, 26.35 inches, occurred on the Florida Keys 
during the hurricane of September 1935. Therefore, it 
was assumed that the surface pressure of a station at sea 
level is 27.00 inches (914.3 mb.) and the surface tempera- 
ture 50° F. (10° C.) with a dry adiabatic lapse-rate up to 
the point where the temperature reaches —90° C. From 
this point upward to 12 km an isothermal lapse-rate was 
assumed. A second situation was assumed in which the 
surface pressure was taken as 29.00 inches (982.1 mb.) and 
the surface temperature as 10° F. (—12.2° C.), with the 
same assumptions as to lapse-rate as in the first case. On 
the basis of these assumptions, curves were constructed 
using values obtained from the adiabatic chart; these 
values were checked by an algebraic formula ’ for several 
points up to the isothermal region. 


DISCUSSION 


The seasonal changes in mean temperature in the tropo- 
sphere (fig. 2-8) seem to be more pronounced between 
an intermediate season and the following extreme season 
than between an extreme season and the following inter- 
mediate one. That is, the temperature increase is greater 
from spring to summer than it is from winter to spring; 
also, the decrease is greater from autumn to winter than 
it is from summer to autumn. That the mean tempera- 

¢W. F. McDonald, The Lowest Barometer Reading in the Florida Keys Storm of 


September 2, 19385, MONTHLY WEATHER Review, October 1935, 63: 295. 
Handbook of Aeronautics, Gale and Polden, Ltd., London 1931, p. 566, 
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FIGURE 2.—Seasonal mean-temperature and humidity curves for Broken Arrow, Okla. Dots represent the extreme temperatures for the indicated levels. 
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FIGURE 3,.—Seasona] mean-temperature and humidity curves for Dallas, Tex. Dots represent the extreme temperatures for the indicated levels, 





pamsielssasaatea tik toieeteacsacadilien Senenaee amelie 


ie hee 4 ater andl 




















































































































28 £23 
26 ELLLENOALE, NO 26 
en we meee, Be em SPring 2F 
—-—- Swnmer 
-<-<—-—- Aurluron 
22 Winter 22 
20 20 
fy mE 
18 1 i 18 
A: | | Ni 
\ it | 6 
- nF | ex 
. j +3 
1 \: | 
1 : ~ 
g /4A ‘ z / as 
NS x 
g 7 S 
g/2;——--+ 128 
x E | RS 
N , i i S 
y | S 
10 ++ | 10 
I I 
\\ 
& —> + o 
. 4 
6 = 6 
4 4 
2 ° 2 
Oo Q 
-8O -60 -JO -20 Oo 20 FO 60 GO 100 
Jemperature (°C.) Relative ttumidity (7%) 


FIGURE 4,—Seasonal mean-temperature and humidity curves for Ellendale, N. Dak. Dots represent the extreme temperatures for the indicated levels 
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Fiaurg 5.—Seasonal mean-temperature and humidity curves for Groesbeck, Tex. Dots represent the extreme temperatures for the indicated levels. 
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FIGURE 7.—Seasonal mean-temperature and humidity curves for Roya) Center, Ind. Dots represent the extreme temperatures for the indicated levels. 
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FIGURE 8,—Seasonal mean-temperature and humidity curves for Scott Field, Ill. Dots represent the extreme temperatures for the indicated levels. 
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FicurE 9.—Seasonal mean-pressure curves for Broken Arrow, Okla. 
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FiGuRE 10.—Seasonal mean-pressure curves for Dallas, Tex. 
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FiGuRE 11.—Seasonal mean-pressure curves for Ellendale, N. Dak. 
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FIGURE 12.—Seasonal mean-pressure curves for Groesbeck, Tex. 














15 











2o- OMAHA, NEBR. 














24 








— -— _—Swrmer 
aaa —- Ausurnn 


tr a. Swing 
| 

\ 

\ Winter 


22 











20 4 


S 





44. SL. 


S 





) 


x 





S 





ft tude (#00. 


S 





% 














4 ~~ | 









































go 200 #00 600 GOO 1000 
Atean Pressure (rmb.) 


F1GURE 13.—Seasonal mean-pressure curves for Omaha, Nebr. 
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FIGURE 14,—Seasonal mean-pressure curves for Royal Center, Ind; 
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ture for spring is undoubtedly lower than the mean tem- 
perature of autumn, is shown in the seven graphs and is 
shown also in the tabular data for the other stations. 

There seems to be a sin condition in the winter 
lapse-rate for Dallas. The lapse-rate has a smaller value 
above 6 km than would be expected from a consideration 
of the other stations, and as a result the winter mean tem- 
peratures for Dallas at high levels are warmer than the 
spring mean temperatures at corresponding levels. This 
irregularity may be explained as the result of the decrease 
in the number of observations from 251 at 5 km. to 8 at 
6 km with rather small lapse-rates in the eight observa- 
tions at 6, 7, and 8 km. Somewhat the same situation 
exists in the data for San Antonio (table 3), but in the 
opposite sense—the lapse-rate for spring is too great. 

hese data indicate that the order of the seasons from 
cold to warm is winter, spring, autumn, summer, and this 
order holds up to about 10 km. Above 10 km the strato- 
sphere complicates matters and the mean temperatures 
lose their characteristic surface order and assume, in 
some cases, the reverse order. That is, winter becomes 
the warmest season, with spring, autumn, and summer 
in order of warm to cold. 

At three of the stations the tropopause is lowest and 
warmest in winter, while at the other two stations for 
which the records of the other seasons are available, spring 
is the lowest and warmest. It necessarily follows that 
the lowest tropopause carries with it a relatively warm 
stratosphere by virture of the definition of “‘stratosphere”’ ; 
but the season of highest tropopause is not necessarily 
the season of coldest stratosphere. Steep inversions at the 
base of the stratosphere often exist with a high tropopause 
and a consequent high temperature in the stratosphere. 
In the four instances, where there are representative 
records for summer in the stratosphere, the tropopause is 
highest but not coldest in all cases. 

n all seven cases for which curves were plotted the 
minima in the troposphere depart further from the mean 
values than do the maxima; in the stratosphere, on the 
other hand, the divergence is as often greater with one 
extreme as with the other. However, the number of ob- 
servations in the stratosphere is so small that reliable 
extreme values are not yet ascertainable. 

The curves and the longitudinal sections (figs. 24-27) 
indicate that the tropopause is higher for all seasons at the 
southern than at the northern stations. This difference 
in height of the tropopause seems to be most noticeable in 
winter and least in summer. The tropopause seems also 
to be definitely highest in summer and, for stations north 
of latitude 38° N., lowest during winter. 

The latitudinal temperature gradient is, of course, 
greatest in the winter and smallest in the summer. This 
relation holds for all altitudes up to the tropopause. In 
the stratosphere, however, the temperature gradient is 
reversed, that is, for any given level the temperature in- 
creases with increasing latitude. There is no level, how- 
ever, at which the latitudinal temperature gradient is zero 
at every station, even though it changes sign. This is due 
to the fact that the tropopause is hikes in the south than 
it is in the north. Thus for any level which is lower than 
the level of the tropopause in the south and higher than 
the tropopause in the north, the temperature gradient 
from south to north will be negative to the intersection 
of that level with the tropopause and thereafter it will be 
positive. 

The slope of the tropopause from south to north seems 
to be greatest in summer and least in autumn. 

At the 1-km level during summer (fig. 29) there is a cold 








body of air extending down into the Ohio, Tennessee, and 
lower Mississippi Valleys. Whether this is due to an un- 
usual year at Murfreesboro, or whether it is the normal 
condition, is a question to which the answer can be sup- 
plied only when more observations are available. The 
condition prevails up through the 5-km level during the 
summer season. 

Just to the west of this cool region there is a warm strip 
extending up through Texas into southern Iowa. This 
warm area is very likely due to the prevailing south and 
southwesterly winds * over the area. It is most pro- 
nounced in the first 2 kilometers. 

There is also a relatively cool area indicated in northern 
Florida and in the southeastern sections of Georgia and 
South Carolina. This may be due to the prevailing 
winds from the southeast over this area bringing in the 
cool air from the ocean and from the high pressure area 
to the east. This cool area is present only in the first 3 
kilometers. 

Spring (fig. 28) is cooler than autumn (fig. 30) in all 
cases at least up to 5 km, except at the surface at Atlanta, 
El Paso, Montgomery, Murfreesboro, and Spokane, and 
at 1 km over Atlanta. 

The cool and the warm areas of the summer season are 
not so pronounced on the maps for autumn (fig. 30). The 
warm section, which extended from Texas up to Iowa in 
summer, is much smaller in autumn and is displaced con- 
siderably to the eastward; it is centered over southern 
Louisiana and extends northward to central Arkansas in 
the first km. At the higher elevations it is located to the 
southwestward over southeastern Texas. The cool area 
seems to have been displaced eastward and the wave in 
the isotherms is of much smaller amplitude than was 
evident in summer. 

The winter maps (fig. 31) show that the warm area is 
confined solely to the Gulf and south Atlantic coasts. The 
cool wave is smaller in amplitude, but a second wave is 
apparent in Tennessee, Indiana, and lower Michigan. 

his second wave may be due to the unobstructed sweep 
of the cold masses of air moving south over central Canada 
and across the Great Lakes. 

In spring the warm area again shows up strongly in 
eastern Texas, Louisiana, and Arkansas, where this phe- 
nomenon is well shown at all five levels. The cold area 
is not very pronounced at the 1 km and the 2 km levels, 
ane Mr is rather well defined at the 3-, 4-, and 5-km 

evels. 

The pressure curves (figs. 9-15) show that the mean 
— at the surface is greater in winter than in summer. 

his is corroborated by the tabular data for the other 
stations for which data are available for both seasons, 
with the exception of Boston, El Paso, and Cheyenne. 
However, at 1 km above the surface the summer mean 
pressure becomes greater than the winter mean pressure 
and remains greater in all cases, at least up through 5 km, 
with the exception of Cleveland, Oklahoma City, Phila- 
delphia, San Diego, and Wright Field. 

he intermediate seasons (spring and autumn) have 
mean values between those of summer and winter for alti- 
tudes below 15 km. In the cases of Ellendale, above 14 
km, and Dallas, above 19 km, the mean values for autumn 
become lower than those for winter, but this is very likely 
due to singularities in the autumn soundings. At Omaha 
the highest mean pressures at altitudes of 19 km and higher 
occur in autumn. The mean pressures in spring are lower 
than those in autumn with the exception of the levels up 


*An Aerological Survey of the United States, W. R. Gregg, Part Il, MONTHLY 
WEATHER REVIEW SUPPLEMENT No. 26, 1926. 
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to and including 3 km at Pembina, of the surface at San 
Diego, and of the levels above 12 km at Ellendale. 

The greatest annual amplitude in the mean pressures is 
at the ey ap pe mean altitude of the tropopause and 
seems to be of the order of 25 mb. Of the cases here pre- 
sented the greatest difference is the 32 mb between sum- 
mer and winter mean pressures at 8 and 9 km at Ellendale. 

There appears to be a trough of low pressure (figs. 32-35) 
extending down through Wisconsin and Illinois in all four 
seasons and a similar one just to the west of the Ap- 
— The trough in the central United States 

efinitely extends all the way to the Gulf at the 1-km 
level in autumn and winter, but it is somewhat obscured 
in spring and summer, and the one to the east extends only 
to North Carolina in all four seasons. The pressure 
gradient, in the main, is from south to north; but there are 
east-to-west and west-to-east gradients in some cases, 
especially at high levels. Only in summer and autumn, 
however, is a north-to-south gradient indicated, and this 
is limited to the Gulf coast. ere seem to be two centers 
of high pressure—one off the south Atlantic coast and the 
other off the Gulf coast. The Atlantic nicH extends 
farthest inland and farthest north, with the iy pres- 
sures during summer; in spring, on the other hand, it is 
weakest in pressure and extent. The Gulf niaH is also 
eo and farthest west in summer, and is weakest 
and farthest east in spring. 

The distribution of pressure at the 2-km level is essen- 
tially the same as at the 1-km level. The one noticeable 
difference is the increase in the pressure gradient at 2 km 
over that at 1 km. In the southern United States this 
difference is not so pronounced in summer and autumn, 
but it is very evident during winter and spring; over the 
remainder of the country considered (east of the 100th 
meridian) the difference is very noticeable in all seasons. 

The pressure distribution at 3 km is again very much 
the same as at 1 and 2 km. A north-to-south ient 
appears at this level in the summer and autumn along the 
Gulf coast. 

At 4 km the general distribution of pressure is the same 
as at the lower |e with the continued north-south gra- 
dient during summer and autumn, as was shown at the 
3-km level. 

The pressure distribution at 5 km is much the same as 
at 3 and 4 km, including the north-south pressure gradient 
in summer and autumn. The pressure gradient increases 
regularly with increase in altitude, and as a whole, is 
steeper at 5 km than at any of the lower levels. 

The humidity curves (figs. 2-8) for the seven stations 
indicate that for the first 5 the mean relative humidity 
values are higher in summer for the southern stations than 
at other seasons. For the northern stations, that is, 
Omaha and those north of Omaha, the higher humidities 
occur during the winter. The curves for Royal Center 
vary more than do the curves for the other stations. In 

eneral, the mean humidity values for spring and autumn 
ie between the summer and winter values. The values of 
humidity can be relied upon in summer only to about 
10 km and in winter only to about 8 km. Above these 
altitudes the hygrometers record approximately the same 
humidity up to the maximum height reached. 

The maps (figs. 36-39) for 1 km show that an area of 
low humidity exists in the upper nas Valley in 
summer and it carries over into autumn. However, in 
winter and spring this region is characterized by high 
humidity in the first two levels. In summer the — 
humidity region is that of the Southeastern States. In 
winter and spring New England is a region of high hu- 

67707—38——4 





23 


midity. 'The Southern States in winter, on the whole, have 
low humidity values, and in the spring the values are lower 
than during summer and autumn, although not so low as 
in winter. 

At the 2-km level the distribution of the relative hu- 
midity values is much the same as at 1 km, except that in 
autumn there is an area of low humidity over southern 
Louisiana and southeastern Texas, as indicated by the 
data for Galveston. Also, in spring the mean value at 
Pensacola leads to an area of higher humidity on the Gulf 
coast. 

The distribution at 3 km is pees the same at all 
seasons as at 2 km, except that during winter an area of low 
values is evident in the upper Mississippi Valley and the 
Lake Region, and persists through spring, as shown by 
the value at Detroit. The area of low humidity at 2 km 
over Galveston is emphasized at 3 km, having the support 
of an additional station in both summer and autumn. 
Murfreesboro shows high humidity in both winter and 


spring. 
At 4 km the main difference in summer is.the great 


extension of the low-humidity area, which was confined 
to the wr Mississippi Valley and New England at the 
lower levels. This area at 4 km covers the entire northern 
United States, with the lowest values being indicated in 
New York and New England. This low humidity area 

ersists into the autumn season, but in a modified form. 

e 4-km level in winter and spring is much the same as 
the 3-km level. 

In the distribution at 5 km a closed area of higher hu- 
midity is evident over the northern part of the Gulf States 
and southern Arkansas and southern Tennessee. The 
other seasons show no decided change at the 5-km level 
from the 4-km level. 

The density curves (figs. 16-22) vary with consistent 
regularity, with the exception of the curve for the winter 
mean density at Dallas where the irregularity is un- 
doubtedly due to the singularity of the temperature values 
during this season. The temperatures are affected, as 
was pointed out on page 18. The density is greatest at 
the surface during winter and least during summer; and 
in spring the density at the surface is consistently higher 
than in autumn at all stations. This order persists up to 
the “level of constant density’ at about 8 km, at which 
level it is reversed—summer having the greatest density 
with autumn, spring, and winter in order of decreasing 
density. To this pattern, however, the density values at 
Dallas do not conform. The variation of density with the 
season seems to be smaller at Omaha and Dallas at 12 
km than at Ellendale, Royal Center, and St. Louis. In 
the case of Omaha, this may be due to the greater number 
of observations available. At Dallas it may be due to the 
fact that the station is in a relatively low latitude where 
the tropopause is relatively high. 

The extreme temperatures (figs. 2-8) for the year at the 
seven stations are plotted on the same graph with the 
seasonal mean temperatures. The extremes for Omaha, 
Ellendale, and Dallas are considered representative, but 
those above 5 km at Groesbeck and Broken Arrow are 
deemed to be somewhat less so. The minima at Broken 
Arrow are representative but the maxima are omitted 
above 4 km. 

Extreme temperatures for the other stations, generally 
up to 5 km, are given in the tabular data. 

The minimum pressure curves (fig. 23) were derived so 
as to show a lower pressure at each given altitude than 


* W. J. Humphreys, Physics of the Air, 2d edition, 1929, p. 77. 
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FicurE 24.—Spring mean temperatures in longitudinal section of the atmosphere. 
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FIGURE 25.—Summer mean temperatures in a longitudinal section of the atmosphere. 
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FiGure 26.—Autumn mean temperatures in a longitudinal section of the atmosphere. 
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FIGURE 27.—Winter mean temperatures in a longitudinal section of the atmosphere. 
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FicuRE 28.—Spring mean temperatures at the surface and five upper levels. 
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Ficure 29.—Summer mean temperatures at the surface and five upper levels. 
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.—Autumn mean temperatures at the surface and five upper levels. 
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FiGuURE 31.—Winter mean temperatures at the surface and five upper levels. 
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FIGURE 32.—Spring mean pressures at the surface and five upper levels, 
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Figur 33.—Summer mean pressures at the surface and five upper levels. 
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Figure 34.—Autumn mean pressures at the surface and five upper levels. 
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FIGURE 35,—Winter mean pressures at the surface and five upper levels. 
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FicuRE 36.—Spring mean relative humidities at the surface and five upper levels. 






















































































Ficurg 37.—Summer mean relative humidities at the surface and five upper levels. 








38 








i 

f ‘ 
a ae ie 
a | 
of | 8 


' 





; 
; 
f 
‘ 
‘ 
‘ 


i. 
; 
} 


ee 


3000 Meters, 





. 
ie 





.t 
‘ 
' 
. 
‘ 
‘ 
 $ 
’ 





on 
phe 
! é 
' : 



















































































FicureE 38.—Autumn mean relative humidities at the surface and five upper levels. 
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FicuRE 39.—Winter mean relative humidities at the surface and five upper levels. 











can reasonably be expected to actually exist. It should 
be noted that the lower sea-level pressure does not neces- 
sarily yield the lower pressure at high altitudes, since the 
two theoretical curves intersect at about 5% km, and above 
this level the lower pressure is shown by the curve cor- 
responding to the higher surface pressure and lower surface 
temperature. 


CONCLUSION 


Because of the fact that this publication is mainly 
factual in scope, no attempt is made to generalize. Fur- 
thermore, it is felt that it should be made clear that, 
before any generalizations can be made, there must be 
records of 10 years or more in length from each station in 
a network at least as dense, and preferably more so, than 
the present one. 

In the compilation of all the data presented herein 
the aid of many individuals was involved. Particular 
acknowledgement is due the cheerful help of Messrs. W. 
B. Drawbaugh, A. D. Hustead, and Carl Russo. Especial 
mention must also be made of L. P. Harrison for his 
invaluable suggestions and criticisms. Practically every 
member of the Aerological Division in the Central Office 
participated in this work to some extent. 
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TaBLe 2.—Data for the 7 central stations 
BROKEN ARROW, OKLA. 
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TaBLeE 2.—Data for the 7 central stations—Continued 
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Taste 2.—Data for the 7 cental stations—Continued 
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TABLE 3.—Data for the 29 stations mostly having only kite and airplane observations—Continued 
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TaBLE 3.—Data for the 29 stations mostly having only kite and airplane observations—Continued 
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DUE WEST, 8. C. 


TaBLe 3.—Data for the 29 stations mostly having only kite and airplane observations—Continued 
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TaBLE 3.—Data for the 29 stations mostly having only kite and airplane observations— Continued 
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Taste 3.—Data for the 29 stations mostly having only kite and airplane observations—Continued 
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TaBLe 3.—Data for the 29 stations mostly having only kite and airplane observations—Continued 
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TaB.Le 3.—Data for the 29 stations mostly having only kite and airplane observations—Continued 
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TaBLe 3.—Data for the 29 stations mostly having only kite and airplane observations—Continued 
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TaBLE 3.—Data for the 29 stations mostly having only kite and airplane observations—Continued 
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TaBLeE 4.—Data for the 16 stations mostly having only a few sounding-balloon observations 
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1 mn mee OF ie sy 11.9 fh 48 (km) sure |midity; rate | obser- sure |midity| rate | obser- 
_, eee 7 hvces FB [ncccccccfecccccs| ED bccooe |, | ee ture ~ ture 
helene ome mrt | wenn | SERS eae & haem | es Ur eee vations) | vations 
ro at) merce | amen ase 37 eae ween 
rarer od ares BEd em cane ores? we re RE ec a Pe- Per- 
} WERSRRER: WENN (aye Scene S aC were PaeeEs Benne cme oR Om cent |°C./100m °c. | mb | cent |°C/100m 
CER COSMO HS RR a EH SEES RENEE CO URE Ate So ER OSS ose OS Stare 2| —7.4 |980.1 ee 4 
© andtiedliecessilliiiescaiaadal ys EST NED HAE HG! PE Shee com 68 | 0.66 2| —9.9 [954.5 73 | 0.92 4 
WE SERED AEE NOES A BURY GME SS Re me 70 "62 2 |—11.1 [804 80 | 4 
REE: SRN IAEN TAE | TT WER ENR T Re Me 8 RE meee 69 "32 2| —8.5 |8338 60; +.52 4 
Sh -ocasiiice-ccdicdanecireediiadthddcdad ieacksaiteeiaased taint iesdianaii 67 40 2 |—10.3 |786 56 36 4 
69 76 2 |—12.5 |737 62 44 4 
onthe 7| ‘| aiomsios | ol lool 4 
— ‘ 81 "40 9 |—27.5 |527 69 "70 4 
so| :m| aiosolor | oo] ial 3 
0.195..... + mnenn Sh © | 33h 8 bo ® 83 65 1 |—51. 1 [342 65 7 3 
Poor | feo | materere 2s sasenet 7.4 |----- Ee coeeedlrerrse | 6g) 6h Cee 4 Re ; 
4 oe ae wa neee = “=e pa oe coos 70 ‘71 1 |—55.9 /215 51} +.10 1 
_— ay 1 seen 4 egpree eee: ee | epenese: manen 7 30 1 |—55.7 |185 53 | +.02 1 
_——— =33 _) amet cee =14.8 |2--- 65 ne, eo eo T.. 
oe a oer RE. ik et ntdlinicndiidnerdinmemaliteecs (et Tee pn +8 1b ]-------}------ mee Eee enn 
eee SS sadinaiaenl o Ra SERIE Sa = ee CONCORDIA, KANS 
16 a Ce ae Cane WINTER 
1 The data for Blue Hill are the arithmetic means of the monthly mean temperatures Number 
and humidities as given in the Harvard Annals, vol. LVIII, 1904 tables XIX and XX, Altitude (km) Temper | Pressure |Humidity) “APS* | "of ob 
p. . 
1 Number of observations for the entire period of 10 years, 1894-1903, is approximately 
264. The number for each season ot eech bevel is net in the published date. oa > g eS Po 
, 1 
SS Se ee 7.1 969. 5 1 Cerny 3 
ER citiissscuntalll 6.8) 9584 49 0.37 3 
NS TORRES EE 3.91 89 40 58 3 
em sali tckstonpnoll 1.0} 843 40} +1.42 3 
Ee ccmaeanll 13.3 792 39 +. 46 3 
ROT ES NaI 123] 743 40 20 3 
(ARO REE RERUNS” 0.9) 698 43 48 3 
OER ANTE: RT 1.1 614 53 88 3 
i catiiahtaietinhieneenntipeanianaiel 5.9] 538 40 ‘70 3 
cskkcastethsiatatahlibecannedalll —12.5| 470 50 66 3 
ARNE SRT RRRERB —19.0} 408 49 65 3 
SIRE A. A << OE —25.4 354 49 64 3 
RATE NN RN —27.6| 308 43 22 1 
IR PSR UR me —29.3 267 49 ‘17 1 
Te anakelietesantibanamaniaal —31.4 232 48 2 1 
 Saavoeen . —31.9 201 48 105 i 
| RENNES Saco SRRRONR AE” —31.2 174 48 +.07 1 
RIB lO —30.5 151 48 +.07 1 
RA a SO —30.1 131 48 +. 04 1 
i cadncuattadadiensdietiatiaamedell —30.4 14 48 03 1 
17. ae | 30.9 98 43 05 l 
iisathccin nuaseueateincenteacatel —30.8 85 43 +.01 1 
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TaBie 4.—Data for the 16 stations mostly having only a few sounding-balloon observations—Continued 
DAVENPORT, IOWA LITTLE ROCK, ARK. 
WINTER WINTER 
Number Number 
Lapse 
Altitude (km) Tempe- | Pressure |Humidity| 18 of ob- Altitude (km) Temper | Pressure | Humidity of ob- 
atvre rate. servations ature rate | servations 
—5.7 995. 5 RE aescieeil 3 11.1] 1,004.2 | aes 3 
—7.7 955. 2 90 0. 62 3 11.1 961.6 80 0. 00 3 
—9.7 895 82 . 40 3 9.8 906 80 . 26 3 
—11.9 840 77 44 3 7.9 852 79 . 38 3 
—13.9 787 70 .40 3 5.5 802 78 48 3 
—16.8 739 68 . 58 3 2.8 755 76 . 54 3 
—20.0 693 66 . 64 3) 3 0.4 708 74 .48 3 
—2%6.3 608 63 . 63 i Tl Geesteet 6 Cameos 2 —5.8 623 66 .62 3 
—32.3 530 64 60 ¢ ) Meetesne 6 2abeat 3 —12.6 549 61 . 68 8 
—39.6 460 61 .73 > 2 Sees Ge: & —17.3 482 48 47 3 
—47.6 400 59 . 80 |) ¢ SeOeRS T° Renae See SE —22.8 421 49 . 55 3 
—H4.6 344 60 .70 OW Wiinsdacamthinedammcalibeccecedacd —29.6 365 49 . 68 2 
—58.0 296 62 34 EE contin thcneceudiiinancensteod —36.6 316 47 .70 2 
—60. 3 253 62 .23 i? GS Se PT ee ee —43.4 273 45 . 68 2 
—55.9 +. 44 3 ff SS” eeeies Seren —48.8 235 45 . 54 2 
—53.2 +. 27 ‘Sit tee Sees tr eet eee —51.8 201 45 .30 2 
—55.0 18 2 ae Ree eee ee —52.8 172 44 .10 2 
—56.0 .10 ST Sil cesibchinndadamstblbacncibcpensiind —53.8 148 44 10 2 
—56.6 . 06 BS Cii.cecivusedivtnebdiiseaiubdehpeshed —55.5 127 44 oan 2 
—58.5 .19 2 | SNCS Reames ate +. aaeaee —57.5 109 44 .20 2 
i isaih ietisaiisdieediminsiil tel deiealeadiliemiaiinteie —57.8 94 44 .03 1 
RCE RTE ye Coes teaanad aR —56.1 80 44 +.17 1 
DENVER, COLO. | RRRET 1.1). SaaS —54.3 69 44 +. 18 1 
| ORE PTT KE HS PRE —50.8 59 44 +. 35 1 
iki cccidssedsinabetictiecieciadnaiee da teainal —46.3 51 44 +. 45 1 
SPRING WINTER ! 
jm, Num-| rem. Num- LOS ANGELES, CALIF. 
Altitude - Pres-| Hu- | Lapse | ber of Pres-| Hu- | Lapse | ber of 
(km) lo sure |midity| rate | obser- 4 sure |midity| rate | obser- 
vations} vations SPRING WINTER 
Per- Per- Alti- | Tem- Num | em. Num- 
°C. mb | cent |°C./100m °C. mb °C./100m tude | pera- Pres- | Hu- | Lapse | ber of . | Pres- | Hu- | Lapse | ber of 
1.620..... 1.6 |832.5| 86|........ 2| —7.5 |937.3| 31 |-..-....- 4} (em) | ture | Sure |midity} rate | obser-| Pity | sure |midity| rate | obser- 
cane Teke enim! Be vestemme TER Soe cit EoSet preanme SPE vations vations 
el SP TRA MOM Gee: / ee > eG Se A ated 
SS: EERE: RRONE RD, aie A) Ur. SE ROAR. LR. oe ed 
Nagi SE TR —1.2 1793.0 88 0. 74 2| —9.3 |797.1 31 0. 47 4 
Rees —4.1 |745 90 58 2| —9.8 |748 32 10 4 °C. °C. mb 
sone —7.1 {699 92 60 2 |—11.3 |699 32 . 80 4 | 0.127...| 17.3 6.0 |1,010.5 1 
OG cacsinaia —13.2 |613 96 61 2 |—16.9 |612 32 . 56 BE Misccad 16.0 7.7 | 965.3 1 
onewaall —20. 2 |539 98 70 2 |—21.1 1536 32 42 4] 1.- 14.0 5.5 | 908 1 
Rn ccsadall —27.4 |471 100 72 2 |—27.2 |468 31 -61 4] 1% 11.4 2.8 | 854 1 
_ Sea —34.0 |409 100 - 66 2 |—33.9 |406 30 . 67 af ¢. 10.1 0.0 | 804 1 
We —41.1 1355 97 71 2 |—41.2 1352 32 .73 4} 2% 7.5 —3.0 | 754 1 
ae —48. 1 |307 97 .70 2 |—46.7 (304 |.....-. 55 3 | 3- 5.0 —4.7 | 708 1 
ae —53. 1 |265 97 . 50 2 |—48.0 |262 j_.-.... 13 2| 4-- —2.0 —9.4 | 623 1 
Da ccaskdl —55.7 |229 96 26 2 |—43.9 |226 j|..-.... +.41 1} 5-- —9.3 —16.9 | 547 1 
ae: —56.3 |199 96 . 06 Scape i a gboes DS me Petes. 6.- —16.7 —25.6 | 478 1 
ess —55.6 |172 95 +. 07 ee TE BERT a es T. —24.7 —35.6 | 415 1 
_, eee —54.8 |148 95 +. 08 ) RR SSE BE Ee 8.. —32.3 —39.9 | 360 1 
Tiel Be —54.8 |126 94 . 00 * ED COS See SC oe eee —48.7 | 311 1 
Dcsndedl —54. 5 1108 91 +. 03 | ROMS: Vee CORO Cae ee 10. —55.6 | 267 1 
Wacuceae —54.3 | 94 89 +. 02 TE CORRE RE ES RT 
1 Only 1 observation for humidity. MOUNT WEATHER, VA.! 
INDIANAPOLIS, IND. 
SPRING SUMMER 
AUTUMN 
Tem- Num-| rem. Num- 
Number Altitude _ | Pres-| Hu- | Lapse | ber of | Pres-| Hu- | Lapse | ber of 
- Altitude (km) Temper- | Pressure |Humidity} 1PS° | ” of ob- (cm) | Bite | Sure |midity| rate | obser-| Pure | sure |midity| rate | obser- 
servations vations vations 
°C, mb Percent |°C./100m Per- Per- 
OS a aa ee ee 18.6 998 1 aetna 8 °C. | mb | cent |°C./100m °C. | mb °C./100m 
Dl caahestnathenthtnadedenladas boas 15.8 962 63 0. 97 6 | 0.526..... 10.7 |954.9 __ 2p ete 423 | 21.4 |955.6 a heteages 425 
| GEE: EPO OS ES PO 11.7 907 69 82 OD pBABE bee Gorn 9 lie eR cies atin Maia mirtsets ote 
| RPGR Sei Th Se aS 8 Sgt 2 73 . 64 og abeeewrs 7.8 |902.0 68 0. 61 408 | 18.2 | 904.6) 68 0. 68 417 
ERD ee ie eT ARSE BG. 5.3 803 66 . 64 6 | 1%-------| 5.2 |848 64 52] 370] 15.1 | 853 64 . 62 369 
| RRR: RNR We RR ET Soe OS Re 52 26 1 & Seeeee 2.5 1799 59 . 4 320 | 12.1 | 804 58 . 60 290 
(ERE GATORS SEES SI 2.6 719 38 2 if ewe —0.1 {751 52 62] 255] 93 757 49 . 56 181 
| eke 3 cet: 2 eRe ee —4.2 627 32 . 68 © fee —2.8 |795 49 . 4 189 | 6.3 | 713 43 . 60 124 
| SRR: Sse LEN ORES —10.5 552 31 . 63 | gg Sete —8.8 /621 |......- . 60 87 | —0.1 | 632 |..-.... . 64 56 
| SERRE SNS. SEY Sc: —18.7 484 28 82 = § See! —15.5 |545 = }..-....- . 67 19 | —6.5 | 556 j_...... . 64 15 
ESS -5e SE SO —26.2 426 2 .75 ee wwe —22.1 |477  ‘|....-.- . 66 3 |—13.6 | 496 |..-.... 71 2 
RE es e+ ee Ee —34.2 71 28 . 80 BB sd-cccnsants MED © eccocclenwcees 62 > oa. eemenite . 58 1 
| etieneS +r 6 eee —41.3 322 28 71 5 
| RARER Ps GENRE Bree teee See —47.8 278 28 65 5 
| EROS 5 OS IE Bree 5 oe —51.7 239 23 39 5 1 Values are the arithmetic means of pressure and humidity for each standard level; 
RE, 6 EET Sir Fee Nr —54.5 204 28 28 4 | the temperatures were computed by the method of differences. 
aM ie ne ee reigiaal em —56. 1 175 28 16 4 
LR 2 AOR RE rs SE ON —55. 4 149 28 +.07 4 
| MnE Re Sei Ceses are —54.9 124 28 +. 05 2 
RI SESS © ESE —54.9 106 28 . 00 2 
| ERR FS GARE SERS —54.8 90 28 +.01 2 
RRL SE & AEN LS —52.8 76 28 +. 20 2 
ERIE SOE EEL Fo —49.5 64 2B +. 33 1 
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MOUNT WEATHER, VA.—Continued 
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